Abstract-In this paper, a dual band planar inverted F antenna (PIFA) is proposed intended to be applied in various applications in healthcare and sport monitoring. The antenna is dual band at 2.45 GHz (ISM band) to communicate with other co-located body-worn devices scattered on the body or body worn base station and 1.9 GHz (PCS) band to communicate from on-body device to off-body units/access point or other wider e-health networks. The free space and on-body measured and simulated performances of the proposed antenna are shown and analyzed. The antenna shows very good on-body radiation efficiency as 58.03 % for 1.9 GHz and 52.0 % for 2.45 GHz. The dual band PIFA also shows good on-body gain as 3.74 dBi and 3.08 dBi at 1.9 GHz and 2.45 GHz respectively.
I. INTRODUCTION
With the rapid development of biosensors and wireless communication devices bring new opportunities for Body-Centric Wireless Networks (BCWN) which have recently received increasing attentions due to their promising applications in medical sensor systems and personal entertainment technologies [1] [2] [3] [4] [5] . Body-centric wireless communications (BCWCs) is a central point in the development of fourth generation mobile communications. In common healthcare monitoring scenarios, it is very important for the antenna to communicate with on-body devices located on the body and also establish the communications with the off-body devices.
Antennas are the essential component for wearable devices in body-centric wireless networks and they play a vital role in optimizing the radio system performance. When the antenna is placed in or close to a human body (lossy medium), the performances change to that of free space operation. For body-centric antennas, the presence of the human body in the proximity of the radiating structure reduces the radiation efficiency and gain. This is due to electromagnetic absorption in body tissues, which results in frequency detuning, radiation pattern distortion and variation of antenna impedance.
Recently, there has been increasing interest in research and development for designing wearable antennas; however, at this point there have been no significant breakthroughs in the design of wearable antennas [6] [7] [8] [9] [10] [11] [12] [13] . Peter Hall et al. has done extensive study on narrowband antenna (2.45 GHz) for on-body communication [6] [7] . In [8] a dual band button antenna for WLAN (2.45 GHz, 5.2 GHz) applications was presented by John Batchelor. Akram et al. presented various wearable antennas in the 2.4 GHz (ISM band) for on-body communications in [9] [10] [11] . In addition, stacked patch antenna with switchable propagating mode for UHF body-centric communications at 2.45 GHz has been proposed in [12] . In [13] , Scanlon et al. presented a set of higher mode microstrip patch antennas operating at 2.45 GHz for over the body surface communications.
In this paper a dual band planar inverted F antenna (PIFA) is proposed for on-body and off-body communications intended to be applied in various applications in healthcare and sport performance monitoring. On-body and free space performances of the dual band PIFA are investigated in simulation and experimentally as well.
The rest of the paper is organized as follows; section II illustrates the antenna design, section III presents result and analysis, and finally section IV draws the main conclusion.
II. ANTENNA DESIGN Figure 1 shows the schematic design and fabricated version of the proposed dual band planar inverted F antenna. The antenna was modelled on FR4 substrate with a thickness of 1.57 mm and a relative permittivity of 4.6. There is a full ground plane at the back of the substrate of the antenna. The overall ground plane size of the antenna is 63×34 mm and the total height is 6.92 mm. The dimension parameters of the PIFA antenna are given in Table I and shown in Fig. 1 (c) . The dual band PIFA is excited using microstrip feed connecting to the feeding pin. The gap between the shorting pin and the feeding pin is 2 mm which has the effects on the impedance of the antenna. The function of the shorting pin of the PIFA is to minimise the size of the antenna and to achieve the impedance matching. The antenna is proposed to use in body-centric wireless communications where communication is necessary both to the devices on body and to the external off body networks nodes. The radiating rectangular PIFA works at the lower frequency band (1.9 GHz) for the communications from body mounted devices to off-body devices. The double F shape slits are introduced on the antenna structure with a view to achieve dual band characteristics i.e. the higher frequency band (2.45 GHz) for the communication over the body surface to communicate with other body worn devices.
The bandwidth of the PIFA can be achieved by varying radiating element size, changing the width of the shorting pin and adding slot on the ground plane. The antenna radiation and impedance bandwidth are dependent on the height of the radiator to the ground, being the bigger the air gap between them, the greater the bandwidth and gain.
III. RESULTS AND ANALYSIS
The antenna was simulated in free space and to study the effect of proximity of the human body on antenna, it was simulated placing on the human phantom (right side of the chest) in CST microwave studio TM . The human body applied is the commonly available detailed multilayer model (Fig. 2.a) namely the visible male model developed by the US air force [15] . The resolution of the model applied is 4 mm with human tissues electrical properties defined at 2.45 GHz and 1.9 GHz, respectively, for all organs and tissues used including heart, lungs, muscle, fat, skin, etc [16] [17] . During the simulation, the antenna was placed at 1 mm away from the human body. Fig. 2(b) shows the simulated free space and on-body return loss curves of the dual band PIFA. Dual band characteristic of the antenna is obtained with a minimum return loss of -25.60 dB at 1.914 GHz for the lower band and -30.38 dB at 2.462 GHz for the higher band in free space simulation. In simulation, when the antenna is placed on the human body 0.5 MHz (0.02%) frequency detuning is noticed at the higher frequency band while 5 MHz (0.26%) frequency detuning is noticed at the lower frequency band. Results show that this antenna does not experience significant frequency detuning from the free space resonance at both frequency bands when placed on the body due to shielding provided by the ground plane. Table II . shows the comparison of simulated on-body and free space performance of the antenna. In free space simulation, at -10 dB impedance bandwidth, the lower band achieves 117.47 MHz of bandwidth (6.14%) while higher band shows 17 MHz (0.68%). The simulated bandwidth of the antenna increases to 5.18 MHz at lower frequency band and decreases to (4.47 MHz) for the higher band when it is placed on the human body. The antenna experiences increase of 0.02 dBi gain at lower frequency band whereas decrease of 0.61 dBi gain is noticed for the higher frequency band when it is placed at 1 mm away from the body. The antenna shows very good on-body radiation efficiency of 58.03 % and 52.0 % for 1.9 GHz and 2.45 GHz respectively when it is placed 1 mm away from the body. The simulated free space and on-body radiation patterns of the dual band PIFA antenna are shown in the Figs 3. (a-b) and 4 (a-b) for 2.45 GHz and 1.9 GHz respectively. When the dual band PIFA is placed on the body (1 mm away from the body), at 2.45 GHz, the radiation pattern in the XZ plane doesn't deform while in the YZ plane deformation of the radiation pattern is noticed which is due to the presence of the human body. At 1.9 GHz, the radiation pattern in both XY and YZ planes deforms very slight. The antenna shows very good on-body radiation performance.
(a) XZ plane at 2.45 GHz (b) YZ plane at 2.45 GHz Fig. 3 Comparison of free space and on-body radiation patterns of the dual band PIFA antenna at 2.45 GHz (simulated).
(a) XY plane at1.9 GHz (b) YZ plane at 1.9 GHz Fig. 4 Comparison of free space and on-body radiation patterns of the dual band PIFA antenna at 1.9 GHz (simulated).
The S11 of the proposed dual band PIFA also was measured first placing it in free space and then on the real human test subject. During the measurement, the antenna was placed on different distances from the body (right chest) as direct on the body, 1, 4 mm, 8 mm and 16 mm from the body. The measurement was performed in the anechoic chamber at Queen Mary University of London. Fig. 5 shows the return loss curve of the proposed antenna when placed on the right side of the chest varying the distance between the antenna and the body. Results show that a maximum up to 40 MHz (2.13 %) frequency detuning from the free resonance frequency is noticed at the lower frequency band while at higher band there is no frequency detuning. IV. CONCLUSION A dual band planar inverted F antenna (PIFA) is proposed for on-body and off-body communications indented to be applied in various applications in healthcare and sport monitoring. The human body effects on the performances of this antenna have been studied by both simulation and measurement. Due to having a full ground plane at the back, the antenna is very less sensitive to the human body. The antenna shows very good on-body performance when placed very close to the body. Placing the antenna 1 mm away from the body, the gain is found to be 3.74 dBi and 3.08 dBi at 1.9 GHz and 2.45 GHz respectively. The antenna shows very good onbody radiation efficiency of 58.03 % and 52.0 % for 1.9 GHz and 2.45 GHz respectively when it is placed 1 mm away from the body. This antenna is very good candidate for future body-centric wireless communications in order to establish cooperative on-body and off-body communications. 
